The width at the half height using these techniques is dependent on the characteristic photosensitivity calibration curves of the photographic film used. This is potentially another source of error.
used as a measure of retinal vessel width. A consistent phenomenon of two 'kick points' on the slopes of the transmittance and densitometry profiles near the base, has been observed. In this study, mathematical models have beenformulated to describe the characteristic curves of the transmittance and the densitometry profiles. They demonstrate the kick points being coincident with the edges of the blood column. The horizontal distance across the kick points would therefore indicate the actual blood column width. To evaluate this hypothesis, blood was infused through two lengths of plastic tubing of known diameters, and photographed. In comparison with the known diameters, the half height underestimated the blood column width by 7-33% and 6-46%, while the kick point method slightly overestimated it by 1-40% and 034%. These techniques were applied to monochromatic fundus photographs. In comparison with the kick point method, the half height underestimated the blood column width in veins by 16-67% and in arteries by 15-86%. The characteristics ofthe kick points and their practicality have been discussed. The kick point method may provide the most accurate measurement of vessel width possible from these profiles. (Br3t Ophthalmol 1994; 78: 24-29) The retinal vessels are the only part of the central circulation that can be viewed directly and studied in detail. Retinal (Fig 1).8 The width at the half height using these techniques is dependent on the characteristic photosensitivity calibration curves of the photographic film used. This is potentially another source of error.
At the Hammersmith hospital, a computer assisted digital image analyser is used to measure the light transmittance through film negatives of monochromatic fundus photographs,9 10 and displays them on a screen as transmittance profiles. Two distinct skew points termed 'kick points' have been observed on the slopes in the transmittance profiles near the base of the curves (Fig 1) . These kick points are also seen in densitometry profiles.8 11 We set out to determine the source of these kick points, and to study the relation between the blood column and the vessel wall using mathematical models of hypothetical artery and vein. These models were tested using plastic tubing and human retinal photographs. Accurate vessel width measurementfromfundusphotographs: a new concept Figure 2 A cross sectional model ofa vessel. The inner circle represents the blood column. The outer circle represents the vessel wall, (x) is derivedfrom the radius ofthe blood column and the thickness ofthe vessel wall: (z) is the position from the vessel edge at increments of I l.m; (y) is the height to be determined using Pythagoras's theorem. blood vessel was depicted by two concentric circles, the inner circle representing the blood column and the outer circle representing the vessel wall (Fig 2) . In vivo, the thickness of an arterial wall is approximately one sixth that ofthe blood column width,'2 and the venous wall one tenth the width of its blood column. 13 Therefore, we proposed two models; an arterial model with a blood column width of 100 im and a vessel wall thickness of 15 lim, and a venous model with the same blood column width of 100 ,um but the wall thickness was made 10 ,um. The assumptions (i) that the vessel is round and (ii) the vessel image was taken perpendicular to the photographic film, were made.
Light from the fundus camera is reflected back by various structures in the retina and choroid. As the blood vessels absorb some of the light reflected from the retinal/choroidal background, the relative darkness of a vessel may be expressed in terms of its opacity (assuming single transmission through the vessels). It may be shown that the transmitted intensity of the blood vessel, relative to the unobscured retinal background intensity, may be expressed by Lambert's law for absorption. 14 Lambert's law states that if Io is the original intensity, I is the intensity after passing through a thickness of 1 The light's path length through the vessel was determined from the proposed model using Pythagoras's theorem. The respective lengths through the blood colum (1) and the vessel wall (lw) were calculated as a function of the distance from the central line starting from the edge of the vessel at increments of 1 iim (Fig 2) . From the absorption coefficients and the light path lengths, the absorption of light (al) was calculated for the vessel wall (ctwlw) and the blood column (aclc) separately. As the absorption coefficient ofthe vessel wall is different from that of the blood column, the overall absorption (cl) for the blood vessel as a whole was calculated using the formula: al= aw1w+ acjc where act=absorption coefficient of the vessel wall lw=light path length through the thickness of the vessel wall ac=absorption coefficient of the blood column lc=light path length through the thickness of the blood column Transmittance values for the vessel wall and blood column separately and both together were obtained. A graph of the transmittance on the y axis versus the distance across the vessel on the x axis was plotted. The blood column curves (Figs 3A, 4A) and the vessel wall curves (Figs 3B, 4B) were obtained. When the overall transmittance curves for the artery and the vein were determined (Figs 3C, 4C), they corresponded to the transmittance profiles of retinal vessels as determined by the photographic scanners and image analysis systems from photographic images (Fig  1) , without the light reflex from the centre of the vessel as this was not calculated in the mathematical models. It clearly shows the kick points on either side of the profiles, as well defined skew points. These points mark the edges of the blood A the film the photographic negatives were projected through a video camera into a Context Vision GOP-302 digital image analyser (Context Vision, Link6ping, Sweden) which measures the transmittance of the photographic negative and displays it in a profile similar to the retinal vessel profile shown in Figure 1 .10 The 'kick points' are defined as the first distinct skew points on the downslopes of the profiles (Fig 5) . 
Results
The results from the experimental model are shown in Table 1 . The half height method significantly underestimated the blood column width by 7-33% in tube 1 (p<0001) and 6-46% in tube 2 (p>0-001). A degree of underestimation was predicted from the theoretical model CI=confidence interval. (Fig 1) . The kick point method slightly but not significantly overestimated by 1 40% in tube 1 (p=0312) and 0-34% in tube 2 (p=0 939). The results from the retinal photographs are shown in Table 2 . From the total of 30 photographs analysed, only one photograph did not show the kick points on either the artery or vein; this was because of poor focusing. However, the other two photographs of the same subject did show the kick points on the artery and vein. It was possible to use the half height method on all photographs for arteries and veins.
The variability of the half height and kick point methods were determined from the coefficient of variation (SD x 100/mean) of the three individual measurements on each photograph. This was to show the reproducibility of the two techniques. The coefficients of variation were averaged for each method and for arteries and veins and the standard deviation then determined. For veins, the variability of the half height method was 2-81% (SD 2-17%), and that of the kick point method was slightly better at 2-45% (SD 1-85%). In arteries the variability of the kick point method was also better (2-98% (SD 2-11%)) than with the half height method (3-94% (SD 2-16%)).
The range of the venous widths using the half 
Discussion
This study provides a mathematical model that explains the characteristics of the transmittance and densitometry profiles across a blood vessel, using available data on the physical properties of blood and vessel wall. It shows that the kick points occur where the wall meets the most lateral extent of the blood column, providing a rationale for using the horizontal distance across the kick points as the blood column width. Although the use of an automated, computer assisted digital image analysis system significantly reduces the inter and intraobserver variability of retinal vessel width measurements, in comparison with observer driven methods,'0 the slight but non-significant (1-4% and 0 34%) overestimation of tube width using the kick point method seen in the experimental model may be due to observer and inherent instrumentation error.
The kick points are dependent on two facts: (a) the light path through the vessel wall is greatest at the lateral interface between the blood column and the vessel wall ( Figs 3, 4) ; (b) the absorption coefficient is different for the blood from that of the vessel wall. If the blood and vessel wall had the same optical densities (a,c=(w) then the kick points will not appear. Even if the vessels have an elliptical cross section, whether horizontal or vertical (Fig 6) , the light path through the vessel wall would still be greatest at the lateral interface between the blood column and vessel wall, and therefore the kick points would still appear in the profiles. The width of elliptical vessels will vary, depending on whether they are horizontally or vertically oriented, in whichever method is used.
The assumption of single transmission of light through the vessel (and not double) does not matter as long as the vessels are optically thinthat is, al 1 (2 45% (SD 1-85%) vs 2-81% (SD 2-17%)) and arteries (2-98% (SD 2-11%) vs 3 94% (SD 2-16%) ).
To observe the kick points does require photographs with good focusing, as the shape of the slope of the intensity curve at the edge of the blood column changes with focusing. Although this has no effect on the position and the degree of separation of the kick points, this would make the detection of the kick points difficult. In contrast the half height method is not significantly affected by focusing errors since it does not require the detection of particular points of the intensity curves.20 For this reason, the half height method may be more practical, since it can be determined from most photographs. In our study, however, 29 out of 30 photographs showed the kick points (96-67%) for both arteries and veins. Only one photograph of one subject was poorly focused; the other two photographs of the same subject showed the kick points clearly. Therefore, the kick point method could be used in any study limited only by focusing errors.
In this paper, the emphasis was made on blood column width rather than whole vessel width, as the blood column is more important when calculating the blood volume flow rate, in the retinal vessels. In comparison to the kick point method of blood column measurement, the half height method underestimated internal venous widths by 16 -67% and internal arterial widths by 15-86% (assuming the kick point to be correct). Calculating the volumetric flow rate in the retinal vessels from vessel diameter involves squaring of the diameter values.'3 Such an underestimation would produce markedly lower values for volume flow. The 95% confidence intervals for the percentage error in determination of the vessel width ( Table 2 ), suggest that the potential error in calculation of retinal volume flow would be 27-58% to 45-01% in veins and 28-03% to 40 59% in arteries.
It is also theoretically possible, from the mathematical model, to measure the vessel wall thickness from the transmittance and densitometry profiles, by measuring the horizontal distance between a kick point and the end of the lower curve, connecting to the background retinal structures. In practice, this was not possible due to the variation in the lateral ends of the lower curves corresponding to the dark zone seen adjacent to the vessel and variation in background intensity due to structural variation such as pigmentation and nerve fibre layer density. There will also be an additional effect of the vessel lateral shadows on the background intensity. These factors, however, will not interfere with the appearance of the kick points as they are usually situated away from the lateral ends of the blood column corresponding to the kick points.
A factor that will influence the profile and the Figure 6 Cross section through elliptical vessels with the widest diameter oriented horizontally and vertically. The longest light path length through the vessel wall still remains at the lateral interface between the blood column and the vessel wall.
position of the kick points of the mathematical model is a potential variation of the coefficient ac along the sight line through a blood column. This would be the case if, for example, the density of red cells increases towards the centre of the blood column. If so, once a variation in ac through a blood column is known, it can be accounted for, in profiles derived from a numerical model like the one discussed in this paper. Therefore, a simple model like the one used here will not reproduce the finer details of the profiles of retinal vessels, but would still be a valid demonstration of the usefulness of the kick points.
The contribution of the plasma zone on the transmittance profiles has not been calculated. It may contribute to the vessel wall curve as it lacks red cells and that makes it less dense. However, its thickness is so small compared with the rest of the vessel wall (approximately 1%), its effect would be negligible.2'
The kick points have also been observed in microdensitometry profiles of both retinal photographs67 ' and scanning laser ophthalmoscopy images.
This paper provides the theoretical basis for questioning the use of half height in measuring the vessel widths from transmittance and densitometry profiles. The essential parameters in any haemodynamic study in health and disease are blood velocity and vessel diameter. The kick point method may provide the most accurate measurement of vessel width possible from these profiles.
